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A B S T R A C T
The design and performance analysis of a coplanar waveguide fed printed monopole antenna for dual po-
larization is presented. The rectangular patchmonopole has an hour glass shaped slot engraved on it whereas
the two ground planes of the CPW are loaded with spiral shaped slots. The feed is made asymmetric with
respect to the patch for enhancing the horizontal gain component. The measured (S11 < −10 dB) imped-
ance bandwidth achieved is from 2.8 GHz to 14.0 GHz and corresponds to 133%. The current distribution
and radiation patterns at various frequencies are plotted and indicate dual polarization. The antenna is further
characterized by a peak gain of 4–5 dBi and will be useful for applications requiring dual polarization ca-
pability in the operating band. In addition to the basic design, a two port version of the antenna for diversity
applications with impedance bandwidth from 2.7 GHz to 12 GHz and isolation around 15 dB over band is
presented at the end. To check the diversity performance of this two port antenna, the envelope correla-
tion coeﬃcient and the diversity gain are calculated and found to be within acceptable limits.
Copyright © 2015, The Authors. Production and hosting by Elsevier B.V. on behalf of Karabuk
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction
Antennas capable of receiving signals of different polarizations
have applications in diverse areas such as radar and navigation, radio
frequency identiﬁcation and fade-resistant wireless communica-
tion [1]. Such antennas can be circularly polarized or dual polarized.
Although several designs of dual polarized antennas were re-
ported in the recent past, most of them are two port structures. A
multi-port antenna besides making the structure bulky is faced with
the problem of isolation and the coupling between the ports may
affect the impedance bandwidth [2].
The single port, dual polarized (DP) antenna supporting trans-
mission and reception of two orthogonal polarizations is attracting
more attention and some designs utilizing the probe feed and the
microstrip feed structure have been proposed in References 3–8.
The antenna proposed in Reference 3 is dual band; the ﬁrst band
from 1.71 GHz to 3.74 GHz has an embedded circular polarization
(CP) band of 380 MHz bandwidth while the second band from
5.75 GHz to 8.55 GHz is linearly polarized. In Reference 4, a probe
fed multi-patch antenna is proposed. The impedance bandwidth
(VSWR < 2.2) obtained is 9 GHz from 4.6 GHz to 13.6 GHz. A
corner-fed patch antenna for narrow band, dual frequency opera-
tion (12.5 GHz and 14.25 GHz) was proposed in Reference 5.
Orthogonal polarizations were obtained at the two frequencies. The
use of an L-shaped patch for dual polarization was demonstrated
in Reference 6, where simultaneous horizontal and vertical polar-
ization was achieved over a bandwidth of 710 MHz (2.56 GHz to
3.27 GHz). The bandwidth of the L-shaped patch was enhanced to
4.7 GHz (from 1.5 GHz to 6.2 GHz) in Reference 7 by the applica-
tion of microstrip feed. The same authors (as of Reference 7) reported
an ultra wideband (UWB) antennawith a bandwidth of 10 GHz (from
1.84 GHz to 11.82 GHz) by modifying the L-shaped patch to a sector
of three quarters of a circle [8]. The antennas proposed in Refer-
ences 7 and 8 have overall dimensions of 65 × 65mm2. In comparison
to the above antennas, the proposed antenna has a larger imped-
ance bandwidth (2.8 GHz to 14GHz) and larger dual polar bandwidth
(polarization ratio < 5 dBi). Moreover, the antenna is excited using
a Co-Planar Waveguide (CPW) which is easier to realize and inte-
grate with adjacent RF circuitry and is amenable to performance
enhancement with modiﬁcations in the ground plane [9–13].
The proposed antenna is a rectangular shaped monopole with
CPW feeding. It is an improved version of the rectangular mono-
pole proposed by the authors in Reference 14. The antenna has an
acceptable return loss from 2.8 GHz to 14 GHz. The polarization of
the antenna is manipulated by introducing an hour-glass shaped
slot in the patch and shifting of the feed line. Spiral shaped slots
are etched on the ground plane to further tune the performance.
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The measured polarization ratio is found to be less than 5 dB from
4.3 GHz to 9.7 GHz. The geometry of the antenna is elaborated in
the following section followed by a discussion on the simulated and
measured performance. A parametric study is also presented to show
the performance sensitivity to the patch and slot dimensions.
A single port dual polarized antenna has no isolation between
the two polarizations. For that antenna, dual polarization behaviour
is concluded from the radiation patterns by observing near equal
strengths of the two gain components. To provide isolation, a two
port version of the antenna is designed and the simulated results
are presented. This antenna can be used for ultra wideband appli-
cations where pattern diversity is required for the enhancement of
channel capacity and reduction of multipath effects. So far in the
open literature, a dual polarized antenna with single port and double
ports for ultra wideband has not been reported.
2. Antenna geometry
The antenna is designed on a FR4 substrate measuring
40mm × 40mm × 1.58mm and having relative permittivity εr equal
to 4.4 and loss tangent equal to 0.019. A rectangular patch of dimen-
sions w × l mm2 is printed on the substrate and has an hour glass
shaped slot etched on it (Fig. 1). A detailed sketch of the hour-glass
shaped slot is given alongside. A polygon is formed from the union
of two rectangles of dimensions ‘a × b’ and ‘c × b’. Two of the polygon
corners are then blended (by arcs of radii R1). The dimensions of the
slot are optimized to get the best (lowest) polarization ratio over a
large bandwidth. One of the corners of the patch is also blended (by
arc of radius R2). The monopole is excited by a CPW feed of width
wf and shifted towards one side. The horizontal separation between
the feed line centre and the patch centre is denoted by ‘e’. The patch
itself is displaced 2mm to the right of the substrate centre. Hence,
the shift of the feed line with respect to the substrate centre is
e – 2mm. Finally, two closed, circular spiral shape slots are introduced
in the ground plane to improve the performance. The values of all
the parameters of the antenna are indicated in Table 1.
3. Antenna design and evolution
3.1. Design initiation
The basis of the design is a printed rectangular monopole whose
lower edge frequency (LEF) from Reference 15 is given by
.
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Here, l is the length of the patch (21 mm), w is the width of the
patch (19 mm) and S is the separation between the patch and the
ground (1 mm).
Accordingly, the length and width of the proposed antenna were
chosen to give an LEF near 3.0 GHz. Next, perturbations were em-
ployed in the form of the following modiﬁcations:
(i) shifting of the feed-line
(ii) hour-glass shaped slot on the rectangular patch
(iii) spiral slots on the ground plane
(iv) blending of the patch corner
The use of (i) and (ii) was to increase the horizontal polariza-
tion and impedance bandwidth whereas the use of (iii) and (iv) was
to ﬁne tune the performance. The simulated reﬂection coeﬃcient
at various stages of the design is depicted in Fig. 2a. It can be ob-
served that a lower edge frequency of 2.80 GHz has been achieved
for the symmetrically fed antenna and the shift of the LEF to the
lower side for the ﬁnal version can be basically attributed to the
variousmodiﬁcations done. From the S11 plot of the initial stage (blue
Fig. 1. Geometry of the proposed antenna.
Table 1
Dimensions of the proposed antenna (in mm).
Parameter W L w l R1 R2 a b c wg1 wg2 wf s e g h ws Rs gs u v m n P q
Value 40 40 16 21 6 6 12 4 16 16.1 20.9 2 1 4.4 0.5 1.58 1 2 0.5 8 10 7.8 7 12.6 7
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dashed line), resonances in the form of dips in S11 magnitude can
be observed at 3.5 GHz and 7.4 GHz. The ﬁrst resonance is caused
by the monopole like operation of the rectangular patch with the
resonant frequency given by equation (2). The calculated value comes
out to be 3.57 GHz with the antenna dimensions as given in Table 1
and matches well with the observed value.
f
c
l
=
4
(2)
The second resonance at 7.4 GHz can be taken as the second har-
monic of the resonance at 3.57 GHz. In equation (1) and in other
equations for resonance frequencies given subsequently, the effec-
tive dielectric constant is taken as 1.0. This follows from the
assumption that the majority of the electromagnetic ﬁeld in case
of a CPW fed antenna with thin substrate gets established in the
air and there is little conﬁnement in the substrate. From the po-
larization characteristics at different antenna stages shown in Fig. 2b,
it is seen that for the initial design, a pure vertical polarization is
realized with simulated cross polar level staying at 40 dB through-
out the band. The reason for the high simulated polarization purity
is the symmetry of the structure. A plot of the vector current dis-
tribution for a simple rectangular patch at different frequencies is
shown in Fig. 3. It is seen that at higher frequencies even though
Fig. 3. Vector current at different frequencies for simple rectangular patch antenna.
(a)
(b)
Fig. 2. (a) Simulated S11 for the different stages of proposed antenna. (b) Simulated Polarization Ratio for different stages of the proposed antenna.
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there is a signiﬁcant horizontal current (cross polarization) it is in
the opposite directions on the two sides of the axis and hence there
is a cancellation of the resultant far-ﬁelds along the boresight. This
results in near zero cross polarization. The measured cross polar-
ization will be how ever higher than the simulated value (−40 dB).
3.2. Effect of the hour-glass shape slot and feed shift
The second stage in the design involves the creation of a slot in
the patch to disturb the current orientation and consequently the
far ﬁeld characteristics. From the simulated reﬂection coeﬃcient
characteristics (Fig. 2a, dotted green line), the effect of the slot is
not much seen on the impedance bandwidth. This is because in case
of a rectangular patch, impedance offered depends on the current
distribution on the patch edge and path lengths for various reso-
nances. As the slot is etched suﬃciently inside, it has no signiﬁcant
effect on the edge current magnitude or the resonances. The effect
of the hour-glass slot on the polarization ratio caused by the rotation
of the current vector is more signiﬁcant. The initiator to the hour
glass shape slot is a cross slot (dotted structure in Fig. 1). When a
slot is embedded on a patch, current follows the slot edges. Hence,
by arranging both vertical and horizontal sections as in case of a
cross shape slot, both the orthogonal current components can be
established. With a simple cross, however, simulations have shown
that only two modes are strongly excited; one resulting in a very
high horizontal ﬁeld and the other with a strong vertical ﬁeld. To
generate more numbers of modes and to keep the polarization ratio
close to zero, the slot is modiﬁed to get the hour glass shape. From
Fig. 2b, the dotted green line shows a substantial decrease in the
polarization ratio resulting from increased horizontal current.
The third stage involves introducing asymmetry in the antenna
design by shifting the feed line. Beneﬁcial effects on both the re-
ﬂection coeﬃcient and the polarization ratio are observed. Quite
a number of modes are excited on the patch and the slot as re-
ﬂected in the number of resonances seen in the third stage out of
which the most signiﬁcant one occurs near 8.4 GHz which results
from a strong horizontal mode. With regard to polarization, there
is a further increase in the horizontal component with feed asym-
metry and the cross polar level touches the zero line over the mid-
frequencies. The maximum horizontal polarization is achieved at
8.2 GHz almost near the resonance shown in the S11 characteris-
tic. The effect of varying the feed shift can be seen from a parametric
study for the ﬁnal version (proposed antenna) shown in Fig. 4. A
smooth reduction in the polarization ratio is observed with in-
creasing feed shift.
From Fig. 4, a dip in the polarization ratio is seen at 6.8 GHz for
smaller values of ‘e’. To understand this behaviour, the vector plot
of the current at different frequencies and feed shifts is observed
(Fig. 5). The horizontal component of the far-ﬁeld, in general, results
from a net contribution of the horizontal currents on the lower edges
of the patch and those on the upper edges of the ground plane. From
the ﬁgure, it can be seen that the patch currents and the adjacent
ground plane currents are in opposite directions. Hence, there will
be some cancellation in the far-ﬁeld and the horizontal far-ﬁeld com-
ponent is reduced. Further, the strengths of the currents on the two
halves of the ground plane depend on the current distribution formed
on the patch. From Fig. 5, it can be seen that whereas at 4.0 GHz,
more current is found on the lower right edge of the patch and con-
sequently on the upper right edge of the ground plane, at 6.8 GHz,
the current increases on the upper left edge of the ground plane.
In case of a smaller feed shift, the nearly equal currents on the two
halves of the ground plane cancel among themselves leaving a strong
patch current which accounts for the excess in the horizontal ﬁeld
component.
3.3. Effect of the spiral slots in the ground plane
The spiral shaped slot introduces an additional resonating circuit
in the transmission line. The resonance frequency of the slot is given
by equation (3) where the length of a closed slot is made equal to
half of the resonant wavelength.
f
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Here, lsp is the length of the spiral slot and calculated for a 2 turn
slot of dimensions shown in Fig. 1 and speciﬁed in Table 1. The cal-
culated frequency comes out to be 3.41 GHz which matches with
the observed anti-resonance at 3.49 GHz in Fig. 2a. The effect of the
spiral slot on the polarization ratio is shown in Fig. 2b. It is seen
that the effect of the spiral is to balance the excess in horizontal
component caused by feed asymmetry and hour glass shaped slot
near 8.2 GHz and keep the polarization ratio within ±5 dB. The feed
asymmetry causes several modes to appear on the patch. The vector
current distributions at some of the frequencies for the antenna
without and with the spiral are shown in Fig. 6. At one of the modes
Fig. 4. Effect of varying the feed shift ‘e’ on the polarization ratio.
473R.V.S.R. Krishna, R. Kumar/Engineering Science and Technology, an International Journal 19 (2016) 470–484
(8.2 GHz), horizontal currents are developed on the upper edge of
the patch. Unlike the patch bottom edge currents which are neu-
tralized by the ground upper edge currents, these current remains
non-cancelled in case of the antenna without the spiral slots.
However, with the spiral slots, the patch upper edge currents are
cancelled to some extent by the horizontal currents around the spiral
and the polarization ratio comes within the desired limit.
The effect of the sense of rotation of the two spiral slots on S11
and polarization ratio is shown in Fig. 7a and b. It is seen that better
impedancematching (as evident from a smaller S11magnitude near
6.0 GHz) is obtained by having the two spirals wound in opposite
directions. Also, there is a reduction in the polarization ratio par-
ticularly in the region from6.0 GHz to 9.0 GHz consequent to increase
in the horizontal component when the spirals have opposite sense
of rotation.
For comparison purpose, a plot of S11 and polarization ratio for
two different shapes of the spiral slot in the ground plane is shown
in Fig. 8a. It is seen that the circular shaped spiral slightly reduces
the ordinate variations in the magnitudes of both the quantities
and hence chosen for the optimized design. A comparison is also
made of the polarization ratio that can be obtained with other
slot shapes in Fig. 8b. The slot shapes tested are the square annular,
the circular annular along with the spiral shape. Again, it can be
seen that the spiral shaped slot gives the best performance in
terms of the polarization ratio keeping it within ±5 dBi over a
large band.
Fig. 5. Current plot at 4.0 GHz and 6.8 GHz for different feed shifts (e = 2,e = 4 mm).
Fig. 6. Vector current plot for antennas with and without spiral slots.
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3.4. Effect of the patch blend
The role of the patch blend is to bring the reﬂection coeﬃcient
well below −10 dB throughout the operating band. The effect of the
blend on S11 and the polarization ratio is shown in Fig. 9. It can be
seen from the ﬁgure that the patch blend has a minimal effect on
the polarization ratio.
As a summary, a plot of the surface current magnitude (both hor-
izontal and vertical components) for the different stages of the
antenna (at a constant phase angle) is shown in Fig. 10. With suc-
cessivemodiﬁcations in the design, the vertical component decreases
and the horizontal component increases. Near equal strength of the
horizontal and vertical current components seen in the ﬁnal design
indicates dual polarization [5–7].
4. Modes from current distribution
The modes on the patch are investigated next using HFSS sim-
ulation of the electric ﬁeld excited on the patch surface. Three cases
are studied; (i) a symmetric microstrip fed rectangular patch of the
same dimensions (16 mm × 21 mm) with complete ground, (ii) a
symmetric CPW fed patch with partial ground and (iii) the asym-
metrically fed slotted patch (proposed antenna). The HFSS simulated
return loss characteristics for these three cases are shown in Fig. 11.
From the return loss curve of the ﬁrst case (symmetrically microstrip
fed patch with complete ground), resonances can be identiﬁed at
3.3 GHz, 6.7 GHz, 8.2 GHz, 9.1 GHz, 10.1 GHz, 11.0 GHz, 13.2 GHz and
14.3 GHz.
These resonances correspond to the various modes and their har-
monics excited on the patch. An expression for the TMmn mode
excited on a solid rectangular patch excited by a microstrip feed is
given by
f
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The various modes are identiﬁed using computed values of reso-
nance frequencies obtained from equation (4) and are compared in
Table 2. A slight difference is seen between the computed resonance
frequencies and those obtained from simulations. This is because of the
error in precisely calculating the effective relative permittivity which
slightly increases with frequency from the value obtained from
(a)
(b)
Fig. 7. (a) Effect of mutual sense of rotation of the two spiral slots on S11. (b) Effect of mutual sense of rotation of the two spiral slots on polarization ratio.
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equation (5). A plot of the electric ﬁeld distribution (HFSS simulated)
on the surface of thepatch at various resonance frequencies for the three
antenna cases is shown in Fig. 12. The ﬁeld distribution at different res-
onance frequencies in case of the symmetricmicrostrip fed rectangular
patch with total ground (as shown in Fig. 12a) validates the identiﬁ-
cation of the various modes from equation (4).
From the return loss curve of the CPW fed rectangular patch with
partial ground, it can be seen that some of the modes remain
(a)
(b)
Fig. 8. (a) Proposed antenna performance for two different spiral shapes. (b) Polarization ratio obtained with different slot shapes; the square ring, the annular and the
spiral.
Fig. 9. Effect of patch blend on the reﬂection coeﬃcient and polarization ratio.
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unexcited. Further, the frequency of the fundamental mode TM10
increases from 3.3 GHz to 3.5 GHz. This is because of a reduction
in the value of the effective relative permittivity calculated using
equation (5). In case of a microstrip feed with total ground much
of the ﬁeld is conﬁned in the substrate between the patch and the
ground plane. On the other hand, in case of a CPW feed with partial
ground, the ﬁeld will be partly established in the substrate and partly
in air. Hence, the effective relative permittivity reduces and the res-
onance frequency increases. Similarly, the frequency of the TM20
mode increases from 6.7 GHz to 7.6 GHz while the frequency of the
TM32 mode remains same at 13.2 GHz. These modes are also ob-
served from the electric ﬁeld distribution for the CPW fed antenna
shown in Fig. 12b. In case of the asymmetrically fed antenna with
slotted patch (proposed antenna), while the resonance of the fun-
damental mode TM10 further increases from 3.5 GHz to 3.7 GHz, the
resonances of the TM20 mode at 7.6 GHz and TM32 mode at 13.2 GHz
coincide with those for the symmetric CPW fed patch. In addition,
some newmodes are also excited because of the asymmetric feeding
like the TM01 mode at 5.8 GHz. The mode at 8.8 GHz can be iden-
tiﬁed as TM12 and that at 10.9 GHz can be identiﬁed as TM22. The
merging of the various modes gives the ultra wideband behaviour
for the proposed antenna.
5. Measured results
The antenna was initially designed on CSTMicrowave Studio and
then, some of the results were compared with those obtained from
Ansoft HFSS. Measurements for the fabricated prototype were ob-
tained from a Vector Network Analyzer (R&S ZVA – 40). The
fabricated prototype is shown in Fig. 13. The measured and simu-
lated reﬂection coeﬃcients are shown in Fig. 14 while the
polarization ratio along boresight is shown in Fig. 15. The polarization
Table 2
Resonant frequencies of ﬁrst fewmodes excited on a symmetric microstrip fed rect-
angular patch with total ground.
S.No Resonant mode Resonant frequency
Computed Simulated
1 TM10 (Fundamental) 3.49 GHz 3.3 GHz
2 TM20 (1st Harmonic) 6.98 GHz 6.7 GHz
3 TM21 8.31 GHz 8.2 GHz
4 TM12 9.69 GHz 9.1 GHz
5 TM22 11.42 GHz 11 GHz
6 TM32 13.84 GHz 13.2 GHz
Fig. 10. Surface current at 7.0 GHz for the different stages; (a) unperturbed patch, (b) slot loaded patch (c) with feed shifting (ﬁnal design).
Fig. 11. HFSS simulated return loss characteristics for the symmetric microstrip fed rectangular patch with total ground, symmetric CPW fed patch with partial ground and
asymmetric fed slotted patch (proposed antenna).
477R.V.S.R. Krishna, R. Kumar/Engineering Science and Technology, an International Journal 19 (2016) 470–484
ratio is obtained as the difference between the vertical and
horizontal gain components. The terms ‘vertical’ and ‘horizontal’
follow Ludwig deﬁnitions. Alternately, with reference to the
antenna placement in the co-ordinate system (Fig. 1), they refer to
the y and x components of the gain. A comparison of the perfor-
mance of the proposed antenna is also made with the antenna
proposed in Reference 8. The simulated reﬂection coeﬃcients are
shown in Fig. 16a while the simulated polarization ratios are shown
in Fig. 16b. It can be seen from these ﬁgures that while the pro-
posed antenna has nearly same impedance bandwidth; the
polarization ratio is improved and it is within ±5 dB over a larger
frequency range.
From Figs. 14 and 15, a good agreement between the mea-
sured and simulated values can be observed. The slight difference
between the two can be attributed to fabrication tolerances and con-
nection imperfections. From the reﬂection coeﬃcient characteristics,
a bandwidth of 11.2 GHz (2.8 GHz–14.0 GHz) can be observed while
from the polarization ratio characteristics, the polarization ratio is
seen to be < 5 dB from 4.3 GHz to 9.7 GHz. The design aspects of the
antenna along with the effects of various perturbations employed
are discussed next.
5.1. Radiation patterns and gain
The radiation patterns of the proposed antenna are measured
inside an anechoic chamber where the antenna placed on a turn-
table is rotated along two different axes. The reference antenna is
a ridged horn placed 1 m away from the turn table. For measuring
the y-component of the gain (co-polarization), the ridges of the horn
Fig. 12. HFSS simulated electric ﬁeld distribution at various resonance frequencies for (a) symmetric microstrip fed rectangular patch with total ground (b) symmetric CPW
fed patch (partial ground) and (c) asymmetrically fed slotted patch (proposed antenna).
Fig. 13. Photograph of the fabricated antenna.
Fig. 14. Measured & simulated reﬂection coeﬃcients.
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are placed along y-axis and for measuring the x-component (cross-
polarization), the ridges are placed along the x-axis. The measured
and simulated radiation patterns are compared in Fig. 17a and b.
The E-plane (YZ plane) co-polarized patterns show the dumb bell
shape characterized by nulls along θ = ±90°. On the other hand, the
H-plane (XZ plane) co-polarized patterns are more omnidirection-
al. The near equal strengths of the co-polarized and the cross-
polarized components justify the dual-polarized behaviour [5–7].
A little asymmetry in themeasured radiation patterns in the YZ plane
is attributed to alignment error.
Fig. 15. Measured & simulated polarization ratio at boresight.
(a)
(b)
Fig. 16. (a) Comparison of S11 of proposed antenna with Reference 8. (b) Comparison of polarization ratio of proposed antenna with Reference 8.
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(a)
(b)
Fig. 17. (a) Radiation patterns at 4.0 GHz and 6.8 GHz. (b) Radiation patterns at 8.4 GHz and 9.0 GHz. (c) Simulated XZ-plane patterns for different stages at 6.8 GHz.
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In Fig. 17c, the simulated H-plane radiation patterns at 6.8 GHz for
thedifferent stages of theproposedantennaare shown. It is seen that the
various perturbations employed have a slight effect on the pattern. The
gain along the boresight direction slightly reduces while that along
the end-ﬁre direction increases. The effect is more pronounced when
the spiral slots are added.Whereas the ground plane current ismostly
conﬁnednear the feed line andalong theupper edges closer to thepatch
when there are no spiral slots, with the insertion of the slots, the cur-
rents spread out on the ground plane reaching to the horizontal edges
of the antenna andhence the gain increases along the end-ﬁre direction.
Themeasured and simulated peak gains of the antenna are shown
in Fig. 18. A plot of the simulated radiation eﬃciency is also shown
alongside. Similar frequency dependent behaviour is noted for both the
simulated and measured values. The measured gain remains around
4–5 dBi over much of the useful region. The radiation eﬃciency de-
creaseswith frequency but remains above 75% over the operating band.
The decrease in the eﬃciency at higher frequencies is due to in-
creased losses. Both the substrate and copper losses are frequency
dependent and increase with frequency. The gain on the other hand
increases with frequency over the operating band despite the reduc-
tion in radiation eﬃciency. This is because, at shorterwavelengths, the
directivity increases due to an increase in the effective areawhichmore
than compensates for the reduction in the radiation eﬃciency.
The changes in the radiation eﬃciency with different evolution-
ary stages are shown in Fig. 19. When the hour glass shaped slot
is etched on a simple rectangular patch, the eﬃciency slightly
reduces over certain bands of frequencies up to 9 GHz. This is
because creation of the slot leads to storage in the electric ﬁeld
which reduces the power available for radiation. Also the currents
accumulating around the slot periphery result in an increase in
the copper losses. The reduction in eﬃciency gets even more ap-
parent with the addition of the spiral shaped slots in the ground
plane. A difference of 3 to 4% in the eﬃciency of the unperturbed
patch and that of the patch with hour glass and spiral shape slots
is noted by observing the dotted blue and dot dash orange curves
in Fig. 19. A slight decrease in the eﬃciency is also observed
between 6 to 8 GHz due to feed shift. This can be attributed to the
stored electric ﬁeld between the horizontal edges of the patch
and the right half of the ground plane which increases with an
increase in the feed shift. Beyond 9 GHz, however, the effect of the
perturbations is seen to result in an increase in the eﬃciency
which is because of increased coupling and the antenna as a whole
becomes an eﬃcient radiator. Thus, whereas for an unperturbed
rectangular patch, the eﬃciency drops to around 75% near 10.5 GHz,
it stays above 80% throughout the ultra wideband for the ﬁnal
design.
(c)
Fig. 17. (continued)
Fig. 18. Peak gain and eﬃciency of the proposed antenna.
Fig. 19. Radiation eﬃciency for different evolutionary stages.
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6. Group delay
A key time domain performance indicator for an ultra wideband
antenna is the group delay which is an indication of phase distor-
tion during transmission [16–18]. It is desired that the group delay
be constant over the entire operating band of the antenna. Math-
ematically, the group delay ‘τ’ is given by the negative derivative
of phase with respect to angular frequency,
τ
φ
ω π
φω
= −
( )
= −
( )d
d
d f
df
1
2
(10)
For measuring the group delay, two identical prototypes of the
proposed antenna are fabricated. They are connected to the two ports
of the VNA and kept in the far-ﬁeld region of each other. The VNA
is set to measure the delay from the phase of S21. The group delay
measurements for two different antenna orientations (face to face
and side by side) are shown in Fig. 20. From the ﬁgure, it can be
seen that the delay remains below 1.8 ns over the operating band
and the variations are within 1 ns.
7. Design for diversity applications
The proposed antenna is tested next for diversity applications.
For this two identical prototypes of the proposed antenna are placed
side by side as shown in Fig. 21. Each antenna has the original ge-
ometry shown in Fig. 1 (and dimensions given in Table 1) except
for the following changes; removal of one of the spirals and blend-
ing of ground plane corners. To improve the isolation, a slot 15 mm
deep and 2mmwide is cut in the ground plane. Further, three hor-
izontal stubs named A, B and C in Fig. 15 are added to this slot. The
stub A (B,C) is 0.9mm (1mm, 0.7mm)wide, 4.6mm (5mm, 3.6mm)
long and placed 8 mm (11 mm, 17.2 mm) below the upper ground
plane edge. Also, two additional slots 2 mmwide and 2.4 mm deep
from the upper ground plane edge are etched on either side of this
slot. The spacing between the monopoles is optimized to 16.8 mm.
The simulated andmeasured S-parameters for this arrangement are
shown in Fig. 22. From the ﬁgure, it can be seen that the reﬂection
coeﬃcients at the two ports maintain the ultra wide impedance
bandwidth (i.e., from 3 GHz to 10.6 GHz). The isolation achieved
between the ports is better than 15 dB over most of the band. Thus,
the proposed arrangement of the antennas can be used for diver-
sity applications requiring dual polarization with moderate isolation
between the ports.
To evaluate the diversity performance of the antenna, the en-
velope correlation coeﬃcient and the diversity gain can be very
useful [19–21]. The envelope correlation coeﬃcient (ECC) is a
measure of the correlation between the signals received on the two
ports of the antenna and should ideally be very low. The ECC, denoted
also by ‘ρ’, is a far ﬁeld quantity but can be calculated using
S-parameters using equation (11) as given in Reference 19. The ECC
computed using simulated and measured S-parameters is shown
in Fig. 23a. Another parameter of importance is the diversity gain
(DG) which is closely related to the ECC as shown in equation (12).
Its value should be close to 10. The simulated and measured diver-
sity gains are shown in Fig. 23b. From the envelope correlation
coeﬃcient and diversity gain calculated as shown in Fig. 23, it can
be said that the antenna will be useful for diversity applications.
ρ =
+
− −( ) − −( )
S S S S
S S S S
11 21 12 22
2
11
2
21
2
22
2
12
21 1
* *
(11)
DG = −10 1 ρ (12)
Fig. 20. Measured group delay of the proposed antenna.
Fig. 21. Schematic of the antenna arrangement for diversity.
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8. Conclusion
A compact (40 mm × 40 mm), CPW fed, rectangular printed
monopole antenna with dual polarization characteristics is pro-
posed and experimentally validated. The rectangular patch is loaded
with a suitably shaped slot and feed asymmetry is introduced to
get the desired polarization behaviour. The measured impedance
bandwidth is 2.8 GHz to 14.0 GHz. Analyses of the contributions of
the perturbations employed, namely the hour-glass shaped slot on
the patch, and the feed shift and the spiral slot on the ground plane
are presented. The antenna is expected to be useful for UWB ap-
plications requiring dual polarization feature. In addition to the basic
design, a two port version of the antenna for diversity applica-
tions with impedance bandwidth from 2.7 GHz to 12.0 GHz and
isolation around 15 dB over the band is presented covering the FCC
band. The antenna has good diversity performancewith the envelope
correlation coeﬃcient below 0.005 and the diversity gain close to
10. Such antennas will be suitable for MIMO applications requir-
ing diversity for dual polarization.
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